Sequence Learning Under Uncertainty in Children
===============================================

Learning under uncertainty is important because persistent yet vague uncertainties provide continuous motivation for further discoveries, growth, and development (Acredolo and O'Connor, [@B1]). We know, however, that children show impaired performance under stochastic feedback when associating arbitrary stimuli with their responses (S--R learning; Crone et al., [@B17]; Eppinger et al., [@B22]). Here, this approach is extended to another central ability of children, that is sequence learning.

In the Introduction, we first familiarize the reader with the classic conceptual approach of Piaget's seriation task where children conceptualize sequences with top-down control processes (operations). Thereafter, we elaborate how in more recent approaches, researchers presented bottom-up learning accounts. They either assumed that human sequence learning would occur in an explicit and effortful fashion via discrete steps in an action plan, or that it would occur in both animals and human infants as well as in children and adults of all ages in an implicit fashion via a gradual assembly of a sequence template. The current study tested sequence learning with a four button presses motor task where children had to produce a sequence of left and right button presses.

We presumed that when feedback is correct, children would be able to deduce the correct sequence in the four button press task with relative ease. However, we added to the condition with veridical response feedback (deterministic feedback: 100% correct) a second condition. Children in this second condition experienced response feedback that was mostly correct, but sometimes wrong (stochastic feedback: 85% correct/15% false). Hence, in the second part of the Introduction we give the reader an overview on previous research on children's development of feedback evaluation. We describe previous research on learning via response feedback, learning under biased (only positive, only negative) feedback, random (unrelated) feedback, and stochastic (proportion of correct and false) feedback.

Sequence Learning in Children
=============================

The classic conceptual approach
-------------------------------

In Piaget's ([@B50]) seriation task, children sorted sticks of different length into a sequence according to size. Children's development of seriation proceeded in stages, from esthetic and idiosyncratic sequences, to alignments along a ground line, to partially and then completely correct sequences. Piaget claimed that children would learn to sequence objects because they would acquire an operational and logical reasoning ability that would develop closely tied to their action schemata. He furthermore assumed that children could only truly understand sequences if they comprehended that seriation involved a concept of dimension and scale. If for instance children would understand that sorting objects on a scale according to size either from small to large, or from large to small, has *no* impact on the dimension "size" as such (reversibility), and that this could be done independently of the kind of objects, children would have acquired a consolidated and generalizable concept of sequence.

Accounts of gradual sequence learning
-------------------------------------

Piaget's seriation/sequencing task later came to the attention of cognitive psychologists (Johnson-Laird, [@B31], p. 162; Young, [@B71]) who agreed that seriation would be brought about by discrete steps in an action plan containing an iterative command structure. It is debated whether this command structure is hierarchically organized, or carried out via accumulated learning that makes associative links between items (e.g., Lashley, [@B38]). Accumulative learning results in a more gradual acquisition without the need for a genuine hierarchical controller (Rhodes et al., [@B53]). Single cell response measurements found that sequential action plans were maintained and updated in frontal brain areas (Averbeck and Lee, [@B3]), showing that sequence learning is an effortful activity that requires mental resources (Zacks et al., [@B72]) and can be more efficient than predictive learning (Lange-Küttner, [@B36]).

Mareschal and Shultz, [@B41], p. 161) built a neural network architecture for the seriation task where the only instruction was to "move the smallest out-of-order stick." Interestingly, four types of solutions were found after 150 epochs: sequential groups of pairs and triplets, ascending-then-descending sequences, and correct sequences of sticks. Like young children, only about 55% of the networks could complete the sequence and sort four sticks correctly.

Implicit sequence learning
--------------------------

A gradual sequence learning mechanism was shown to exist in 2-year-old (Bremner et al., [@B8]) and 4-year-old children (Livesey and Little, [@B40]) as well as in adults (Li et al., [@B39]). Also monkeys, and to a lesser degree pigeons, were found to gradually build a template of a sequence during training (Terrace, [@B62]; Terrace and McGonigle, [@B63]). This suggested that a sequencing is an activity that can be learned via practice, and does not necessarily involve explicit top-down concepts even though these may develop with age enabling increased task control (Maybery and O'Brien-Malone, [@B42]).

Implicit or incidental learning is mastered early, occurs automatically and without awareness, and usually does not show chronological or mental age differences (Maybery et al., [@B43]; Reber, [@B52]; Meulemans and Van der Linden, [@B44]; Vinter and Perruchet, [@B66], [@B67]; Sloutsky and Fisher, [@B59]; Weinert, [@B69]). However, this is not always the case (Thomas et al., [@B64]). While the type of gradual sequence learning was the same independent of ability, acceleration and error rates could vary significantly (Kelly et al., [@B32]; Waber et al., [@B68]). Even for adults with a mature information processing system, implicit sequence learning could be impaired by a concurrent counting task (Shanks et al., [@B58]). Nevertheless, sequence learning in this dual-task load condition improved so much with practice that it caught up with the performance in the easier single-task load condition. Clearly, these contradictory assumptions and results warrant further research into the underlying factors, such as whether sequence learning would suffer in children when they are uncertain about their success. Even a task that can be solved with deterministic feedback may show decrements under uncertainty, and improvement with practice.

In the current task, children were explicitly asked to discover a sequence of four button presses via a feedback signal. The task involved motor responses only, that is, children had to ascertain a sequence of four left vs. right button presses on a computer laptop without any visible objects that needed to be sorted. Hence, no dimension construction of an object feature such as "size" was necessary. This had the advantage that relatively "pure" deductive reasoning about the exact sequence could be tested, as stimulus properties could not interfere with learning, e.g., stimuli could have potentially been treated as deviants (Ferdinand et al., [@B24]), or in an idiosyncratic fashion (Kosslyn et al., [@B34]).

Learning via Feedback
=====================

Children's need for deterministic feedback
------------------------------------------

Children are used to learning under conditions of certainty and, to a large degree, trust adults' information and feedback (Goswami, [@B26], p. 22). Previous research showed that they prefer to trust information from familiar persons such as their mothers but not strangers (Corriveau et al., [@B14]) and from experts like psychologists and priests but not magicians (Chandler and Lalonde, [@B13]). Accuracy of information and feedback made a difference to 3-year-old children, who distrusted persons who gave them even just one false feedback (Pasquini et al., [@B49]). From 4 years of age, though, children increasingly assessed reasons for the credibility of an informant before they allowed feedback to have an impact on their perceptions and judgments (e.g., Corriveau et al., [@B15]; Nurmsoo and Robinson, [@B46],[@B47]; Robinson and Nurmsoo, [@B55]).

*Learning via feedback* is often assessed with the Wisconsin Card Sorting test (WCST; e.g., Rosselli and Ardila, [@B56]; Riccio et al., [@B54]; Bull et al., [@B9]; Bull and Scerif, [@B10]). In the WCST, children sort picture cards of objects into categories according to examiner feedback, usually according to shape, color, or number. The rule itself is not revealed, but must be deduced from the feedback. After a certain number of trials, the examiner changes the sorting criterion without telling the child. Please note that while the experimenter changed mind about the criterion, the feedback itself in the WCST was always true. In computerized versions of the WCST, perseverative errors where children would just continue sorting without paying attention to the feedback decreased between 8 and 12 years, while distraction errors and failure to maintain consistent sorting continued until age 15 (Crone et al., [@B18]; Somsen, [@B60]).

Learning via stochastic feedback
--------------------------------

Responses toward biased feedback were tested in psychophysiological studies using computerized stimulus--response (S--R) learning with 8- to 12-year-old children and young adults (Crone et al., [@B17]; Groen et al., [@B27]). Pictures of different categories such as vehicles, fruit etc. were coupled with an arbitrary left or right side button response, unrelated to pictures' categorical membership: pictures acquired a different valence exclusively by the link with the feedback. There was informative and uninformative feedback. Informative feedback had a positive feedback associated with one button press, and a negative feedback associated with the other button. Uninformative feedback, in contrast, was either random, or consistently positive (positive bias) or negative (negative bias) for both button presses. In the Crone et al. study, the dependent measure was heart rate. While the difference between positive or negative feedback did not matter for children when it was random, 8- to 10-year-olds did not distinguish between informative response-dependent negative feedback and uninformative biased negative feedback (Crone et al., [@B17]). Children experimented with their responses (frequent key changes) especially after biased negative feedback; this was accompanied by lower frontal activation which reflected decreased attention (Groen et al., [@B27]).

Bandura ([@B4], [@B5]) discussed the fact that theories of self-regulation rely on a *negative feedback model* that consists of a system with a behavior sensing operation, an inner comparator, and an error correction routine which results in a discrepancy reduction mechanism. Only negative feedback would create individual differences insofar as some may not trust their capability to solve a task and stop trying, while others would not lose faith in their capability and exert more effort to solve the task (see also Dikman and Allen, [@B21]; Overton and Dick, [@B48]). In children and adolescents, these individual differences in perseverance occurred dependent on socialization variables such as socioeconomic status, but independently of IQ (Weisz, [@B70]; Caprara et al., [@B12]). For example, in another study it was shown that teachers would give negative feedback to both socially adapted and less well adapted pupils, but the latter were exposed to significantly higher levels of repeated commands following compliance (Strain, [@B61]). Even in an adult work context, negative feedback did not automatically produce the desired effect of improving performance (Ilgen and Davis, [@B30]). This shows that negative feedback, and particularly a negative feedback bias seems to have a special role in the development of cognition.

In another study on S--R learning in children, Eppinger et al. ([@B22]) required 10- to 12-year-old children to sort objects into two safes in a two-choice computerized decision task. Pictures were consistently linked with the left or right button. A new stochastic condition was introduced when the relation between picture and key held only 80% of the time. The stochastic condition was compared with a 100% correct association and a 100% random association between picture and key. Children performed worse than adults only in the stochastic feedback condition. Importantly, Eppinger et al. ([@B22]) thus showed that in this S--R paradigm, children's performance suffered only under uncertainty, as both in the entirely consistent, and in the entirely random condition, children learned just as well as adults.

*The development of explicit probabilistic concepts* of frequency and chance is indeed supposed to continue to develop into adolescence (Piaget and Inhelder, [@B51]; Byrnes and Overton, [@B11]; Fischbein et al., [@B25]). For instance, in the study of Miller et al. ([@B45]) a technically looking feedback machine was used for Piagetian conservation and transitivity problems. The machine was introduced to the children as sometimes making mistakes, although in general feedback would be correct. But in fact, the machine feedback was independent of the 7- and 11-year-old children's response. Miller et al. ([@B45]) found that children's confidence level equaled task difficulty when not challenged by random feedback. However, on average 76% of the children surrendered to false negative machine feedback, without a significant age difference, in Piagetian sequencing tasks according to size or weight. With age, though, children did raise their game toward challenges when they were reasonably confident, such as judgment of the mass of objects whose shape had changed (conservation task).

The Current Study
=================

In the current study, there were no images of objects present. Instead, children were explicitly instructed to learn sequences of left--right button presses that formed a motor sequence. The sequence of button presses needed to be deducted from a red/green feedback signal that was displayed on the computer screen. Children learned sequences of four left--right (L--R) button presses. The sequences were LLRR, RRLL, LRLR, RLRL, LRRL, and RLLR.

One group of children experienced consistent feedback only (deterministic feedback, 100% correct). In this condition, green feedback on the screen indicated that the children had been right when they were right, and red feedback indicated that the children had been wrong when they were wrong. Another group of children experienced inconsistent feedback (stochastic feedback, 85% correct, 15% false). In this condition, green feedback on the screen could signal that children were right when in fact they were wrong, and red feedback could indicate that they were wrong when in fact they had been right. Children were informed beforehand about the experimental condition, that is, whether feedback would be always right, or mostly right and sometimes wrong.

Children needed to deduce the correct sequence from these feedback signals on the screen. For example, if in the first block children were certain that the first two button presses were LL, they could predict that the subsequent button presses were RR. Hence, a clear-cut top-down if-then deductive reasoning process was required. However, the evidence for a prediction of RR was equivocal in the stochastic feedback condition because the on-screen feedback was programmed to be only correct in 85% of the trials, but false in 15% of the trials. Thus, children needed to monitor the veridicality of feedback and their success rate more closely, and there was a strong interactive bottom-up learning process involved.

We investigated whether children would be able to solve the four button sequencing task when receiving accurate feedback. We furthermore investigated whether children's motor response sequence learning would be better or worse when feedback was stochastic. Given the results from previous research using biased and stochastic response feedback methodology in contingency learning, no age differences for this effect were predicted. We also analyzed whether positive or negative feedback had a more conducive effect on learning, and expected that especially false negative feedback in the stochastic feedback condition would cause performance deterioration.

Method
======

Participants
------------

Overall, *N* = 186 participants were tested. All children had normal or corrected-to-normal vision, and none was reported as color-blind. For all children, parental consent was obtained. In the stochastic condition, six 8-year-olds, three 9-year-olds, and five 10-year-olds did not complete the last two response sets. In the control condition, this was the case for only one 11-year-old participant. These 15 data sets were excluded from analyses. Mean ages (years; months) of the remaining sample (*N* = 171) are listed in Table [1](#T1){ref-type="table"}. In the experimental condition there were *n* = 95 children (54 girls), and in the control condition *n* = 76 children (35 girls).

###### 

**Age groups in the experimental and control condition (years; months)**.

  Age in years         15% False feedback   0% False feedbacks                                     
  -------------- ----- -------------------- -------------------- ------ ------- ---- ------ ------ -------
  8              51    24                   8;4                  7;11   8;11    20   8;1    7;8    8;9
  9              48    28                   9;5                  9;0    9;11    15   9;5    9;0    9;11
  10             42    21                   10;5                 10;1   10;11   19   10;3   10;0   10;9
  11             45    22                   11;4                 11;0   11;8    22   11;6   11;0   11;11
  Total          171   95                                                       76                 

Apparatus and material
----------------------

A computer task was developed using MATLAB (Mathworks) that randomized the six sequences LLRR, RRLL, LRLR, RLRL, LRRL, and RLLR with a random number generator. Children responded with their left and right index finger on the keyboard of a Windows laptop computer. They pressed the button "Z" on the left side of the keyboard and the "-" button on the right side of the keyboard (UK keyboard layout), both were marked with colored varnish. They kept their index fingers on these buttons throughout the experiment.

There was *no* stimulus material in the form of object pictures presented on the screen. Children only saw a feedback signal on the screen following each button press, see Figure [1](#F1){ref-type="fig"}. Each button press on the keyboard was followed by either a green (signal for correct button press) or a red (signal for incorrect button press) feedback signal on the screen. In the experimental condition, stochastic feedback was 85% correct and 15% false, while in the deterministic control condition, feedback was 100% correct. Also the stochastic feedback trials were randomized by the experimental program on each session, per participant.

![**Sequence learning task**. The task was self-paced and there were no stimuli to look at; only the color-coded feedback signal to the button presses appeared on the screen. The lower row in the figure represents the four button presses that children would carry out on the computer keyboard. The upper row shows the feedback signal, with red indicating negative feedback (wrong button) and green indicating positive feedback (correct button) after each button press. Figure adapted from Seo et al. ([@B57]).](fpsyg-03-00127-g001){#F1}

The correct feedback allowed an immediate deduction of a sequence from the feedback. An example: The first four left--right button presses (R = right, L = left) trigger the following color feedback: R-red, R-green, L-green, L-red (red--green--green--red, 50% correct, see Figure [1](#F1){ref-type="fig"}). The first and last button presses that had triggered the red feedback then had to be corrected in the second run of this sequence to L-green, R-green, L-green, R-green (green--green--green--green, 100% correct). In contrast, the stochastic feedback for a button press did not allow the participants to correct their mistakes in such a straightforward manner, but an integration of feedback from multiple response sets was required to determine the correct sequence of the four button presses.

Responses were self-paced without time constraints. Response times were not measured, only accuracy was recorded by the computer program. In the control condition, children had to execute the sequence correctly eight times, and in the more challenging stochastic feedback condition they had to execute the sequence correctly six times, before the program moved on to the next sequence. If participants did not learn the sequence after twenty sets of key presses, the block was aborted and they were advanced to the next sequence. When the learning and repetition of a sequence was completed, the sentence "You have a new sequence to learn" appeared on the screen.

In order to test whether positive and negative feedback trials had a differential effect especially in the stochastic feedback condition, a learning model was fit that estimated how much participants learned from feedback on each trial. The positive learning parameter that we computed was a variable that measured how likely the children were to repeat the same button press at a particular position in the sequence, in the next trial, if they had received green feedback. The negative learning parameter tested the complement. Please see the [Appendix](#A1){ref-type="app"} for the computational details.

Procedure and instruction
-------------------------

Children were tested individually, or in pairs, with a laptop for each child. Children's test session lasted about 30 min. After the completion of the six sequences LLRR, RRLL, LRLR, RLRL, LRRL, and RLLR, the entire test was repeated. The order of presentation of the sequence blocks was randomized for each child by the experimental program, within each round. At the beginning of the experiment, the experimenter read the standardized instructions from the computer screen aloud to each child. The instruction was not given in one go, but sentences were presented in several screenshots.

### Experimental condition (with stochastic feedback)

Welcome to "Learn the 4 Button Presses task." You are given a left and a right button to press. You need to learn these 4 buttons in a particular sequence, e.g., Left, Right, Left, Right. Each time you press a button, a green circle will appear to show that you pressed the correct button in the sequence. A red circle will appear like a streetlight, if you pressed a wrong button in the sequence. However, the computer will also give you wrong feedback 15% of the time. Even if you pressed the correct button, it may appear as false with a red circle. Even if you pressed the wrong button, it may appear as correct with a green circle. Therefore, even if you think you know the sequence, sometimes you may have to ignore the feedback. After learning the correct "4 Button Presses" repeat the same sequence six times and you will proceed to learn another new sequence.

### Control condition (with 100% correct feedback)

Welcome to "Learn the 4 Button Presses task." You are given a left and a right button to press. You need to learn these 4 buttons in a particular sequence, e.g., Left, Right, Left, Right. Each time you press a button, a red or a green circle will appear. The circle is like a streetlight to show whether you pressed the correct or wrong button. The computer always gives you correct feedback. If you press the correct button, a green circle appears; if you press the wrong button, a red circle appears. After learning the correct "4 Button Presses" repeat the same sequence eight times and you will proceed to learn another new sequence.

Results
=======

For analysis, data were averaged across the six sequences and two runs. Accurate responses from the first six repeated sequence response sets were analyzed, for group means per age and condition (see Table [2](#T2){ref-type="table"}).

###### 

**Performance percent correct in the 4 button press task (*N* = 171; group means per age group per condition, SD in brackets)**.

  Age group (year)   Condition    Set 1.1       Set 1.2       Set 1.3       Set 1.4       Set 1.5       Set 1.6
  ------------------ ------------ ------------- ------------- ------------- ------------- ------------- -------------
  8                  Stochastic   0.19 (0.14)   0.34 (0.19)   0.47 (0.24)   0.42 (0.24)   0.60 (0.33)   0.66 (0.35)
                     Control      0.70 (0.20)   0.82 (0.13)   0.82 (0.14)   0.85 (0.12)   0.82 (0.13)   0.79 (0.13)
  9                  Stochastic   0.30 (0.22)   0.39 (0.23)   0.46 (0.24)   0.62 (0.26)   0.67 (0.29)   0.65 (0.29)
                     Control      0.81 (0.15)   0.84 (0.14)   0.87 (0.16)   0.87 (0.11)   0.89 (0.12)   0.90 (0.11)
  10                 Stochastic   0.37 (0.19)   0.50 (0.24)   0.50 (0.24)   0.56 (0.23)   0.64 (0.27)   0.65 (0.27)
                     Control      0.78 (0.21)   0.86 (0.12)   0.85 (0.13)   0.85 (0.15)   0.88 (0.12)   0.89 (0.13)
  11                 Stochastic   0.31 (0.16)   0.43 (0.22)   0.58 (0.25)   0.54 (0.31)   0.65 (0.29)   0.56 (0.28)
                     Control      0.79 (0.20)   0.84 (0.17)   0.83 (0.12)   0.82 (0.15)   0.88 (0.14)   0.87 (0.13)
  Total              Stochastic   0.29 (0.19)   0.41 (0.22)   0.50 (0.24)   0.55 (0.27)   0.64 (0.29)   0.63 (0.30)
                     Control      0.77 (0.19)   0.84 (0.14)   0.84 (0.14)   0.84 (0.13)   0.87 (0.13)   0.86 (0.13)

*One set is equivalent to one four button sequence that is six times repeated. Data are averaged across 12 (2 × 6) sequences*.

A 6 (sets) by 2 (condition) by 4 (age groups) by 2 (gender) mixed ANOVA with repeated measures of the first factor showed that there was a significant main effect of age, *F*(3, 171) = 2.80, *p* \< 0.05, η^2^ = 0.05. Success in the deduction of the four button press sequence from feedback increased between 8 and 9 years and stayed the same thereafter (8 years *M* = 0.62, 9 years *M* = 0.69, 10 years *M* = 0.69, 11 years = 0.68). Interaction effects with age were not significant, *p*~s~ \> 0.40.

Because the Mauchly test for sphericity was significant for the effect of response sets, degrees of freedom were corrected according to Greenhouse--Geisser. There were significant effects of sets, *F*(4.52, 171) = 35.02, *p* \< 0.001, η^2^ = 0.18, condition, *F*(1, 171) = 263.14, *p* \< 0.001, η^2^ = 0.63, and a significant two-way interaction of sets by condition, *F*(4.52, 171) = 12.88, *p* \< 0.001, η^2^ = 0.08. Children in the control condition with deterministic correct feedback had learned the task with relative ease after the first block, while children in the experimental condition who had experienced stochastic feedback started at a lower level, showed only gradual learning, and caught up, but did not close the gap completely, see Figure [2](#F2){ref-type="fig"}. *Post hoc* tests (independent samples *t*-tests, two-tailed, Bonferroni adjustment of confidence levels to 99%) showed that the performance difference between experimental conditions was significant in all sets, *p*~s~ \< 0.001, see Table [3](#T3){ref-type="table"}. The *T*-values of the mean difference between stochastic and control condition diminished, but the performance difference remained significant.

![**Sequence learning**. The graph shows the first six response sets of four sequential button presses averaged across the sequences LLRR, RRLL, LRLR, RLRL, LRRL, and RLLR which were tested twice in random order. Learning with stochastic feedback started at a significantly lower level, but showed considerable and significant improvement during the repetitions. Bars denote the SE.](fpsyg-03-00127-g002){#F2}

###### 

***Post hoc* tests of the interaction of sets by condition (*t*-tests for independent samples) in order to compare performance of the stochastic and control samples per set**.

  Set   *T*       df        *p*-Value (two-tailed)   *M* Diff    SE         99% Confidence interval (corrected after Bonferroni)   
  ----- --------- --------- ------------------------ ----------- ---------- ------------------------------------------------------ -----------
  1     −16.359   169       0.000                    −0.480621   0.029379   −0.557162                                              −0.404081
  2     −15.317   160.768   0.000                    −0.429269   0.028025   −0.502324                                              −0.356214
  3     −11.705   154.239   0.000                    −0.343117   0.029315   −0.419573                                              −0.266661
  4     −9.790    143.504   0.000                    −0.310256   0.031692   −0.392990                                              −0.227523
  5     −6.898    134.978   0.000                    −0.230042   0.033350   −0.317176                                              −0.142908
  6     −6.718    134.873   0.000                    −0.228197   0.033967   −0.316944                                              −0.139450

*Degrees of freedom were adjusted when the Levene-test for equality of variance was significant*.

There was no significant main effect of gender (82 boys, 89 girls), *F*(1, 171) = 0.09, *ns*, showing that boys and girls performed at the same overall level. However, there was a small, but significant gender by sets effect, *F*(4.52, 171) = 2.39, *p* \< 0.05, η^2^ = 0.02. *Post hoc* tests (pairwise samples *t*-tests, two-tailed, Bonferroni adjustment of confidence levels to 99%) showed that boys (*n* = 82) kept improving their performance during the task, trial 1 *M* = 0.52, trial 2 *M* = 0.60, trial 3 *M* = 0.66, trial 4 *M* = 0.67, trial 5 *M* = 0.79, trial 6 *M* = 0.76, see Table [4](#T4){ref-type="table"}, while girls (*n* = 89) significantly improved their performance only from the first to the second trial, with much smaller increments thereafter, trial 1 *M* = 0.49, trial 2 *M* = 0.60, trial 3 *M* = 0.64, trial 4 *M* = 0.68, trial 5 *M* = 0.70, trial 6 *M* = 0.71. Other interactions with gender did not reach significance, *p*~s~ \> 0.06.

###### 

***Post hoc* tests of the interaction of sets by gender (paired *t*-tests, gender split-sample) testing learning effects in consecutive trials for boys vs. girls**.

  Sets        *T*      df   *p*-Value (two-tailed)   *M* Diff    SE         99% Confidence interval (corrected after Bonferroni)   
  ----------- -------- ---- ------------------------ ----------- ---------- ------------------------------------------------------ -----------
  **BOYS**                                                                                                                         
  1--2        −3.547   81   0.001                    −0.078109   0.022024   −0.136205                                              −0.020012
  2--3        −2.372   81   0.020                    −0.060704   0.025590   −0.128208                                              0.006799
  3--4        −0.242   81   0.809                    −0.006401   0.026445   −0.076161                                              0.063359
  4--5        −4.074   81   0.000                    −0.125535   0.030817   −0.206828                                              −0.044243
  5*--*6      0.932    81   0.354                    0.029212    0.031337   −0.053453                                              0.111877
  **GIRLS**                                                                                                                        
  1-2         −4.887   88   0.000                    −0.115713   0.023675   −0.178047                                              −0.053379
  2-3         −1.590   88   0.116                    −0.038400   0.024158   −0.102004                                              0.025205
  3-4         −1.400   88   0.165                    −0.038700   0.027645   −0.111484                                              0.034084
  4-5         −0.718   88   0.475                    −0.018708   0.026066   −0.087337                                              0.049921
  5-6         −0.238   88   0.813                    −0.007040   0.029639   −0.085076                                              0.070996

Statistical Comparison of Learning from Positive and Negative Feedback
======================================================================

The amount of learning after positive and negative feedback was analyzed in a 2 (feedback type) by 2 (condition) by 4 (age groups) by 2 (gender) mixed ANOVA with repeated measures of the first factor. Gender did not reach significance as a main effect, *p* \> 0.06, nor in interactions, *p* \> 0.10. The three main effects of feedback type, condition, and age were highly significant. Positive feedback increased the probability of learning (*M* = 0.20) more than negative feedback (*M* = 0.04) as there was next to no learning from negative feedback as the mean approached zero, *F*(1, 171) = 218.02, *p* \< 0.001, η^2^ = 0.58.

Not surprisingly, children learned more from correct feedback (*M* = 0.19) than from stochastic feedback (*M* = 0.04), *F*(1, 171) = 79.85, *p* \< 0.001, η^2^ = 0.34.

It is important to note, though, that both learning from stochastic feedback and learning from correct negative feedback was approaching zero (*M* = 0.04). Thus children might have perceived both types of feedback, one vague and probabilistic, and one telling them they were wrong, as equally hostile, preventing learning.

However, a main effect of age, *F*(3, 171) = 5.73, *p* \< 0.001, η^2^ = 0.10, and a significant three-way interaction of age with feedback and condition, *F*(3, 171) = 4.32, *p* \< 0.01, η^2^ = 0.08 showed that this was dependent on age. Figure [3](#F3){ref-type="fig"} illustrates the three-way interaction of age, feedback and condition. Learning in the deterministic feedback condition (100% correct; see Figure [3](#F3){ref-type="fig"}B) increased with age with both positive and negative feedback, but learning after true positive feedback was always more pronounced, while learning from true negative feedback only started at age 9.

![**Amount of learning after positive and negative feedback**. A value of 0.5 on the *y*-axis indicates perfect learning. Learning after stochastic feedback was reduced after negative feedback in all age groups, but increased with age for positive feedback **(A)**. Learning after deterministic, correct feedback increased with age for both positive and negative feedback, but stayed more pronounced for positive feedback **(B)**. Bars denote the SE.](fpsyg-03-00127-g003){#F3}

In contrast, in the stochastic feedback condition (see Figure [3](#F3){ref-type="fig"}A), learning increased only in trials with positive feedback (containing 15% false positive feedback), while it stayed at floor level in trials with negative feedback (containing 15% false negative feedback) in all age groups. Even more striking, the negative values for stochastic negative feedback indicated that learning was actually impaired.

Discussion
==========

We used a sequence learning task which required children to select sequences of four button presses. On-screen feedback was used to investigate for the first time whether children's motor response sequence learning would be better or worse when feedback was stochastic. The 8- to 11-year-old children showed quick deductive reasoning about sequences with correct feedback. Hence, this would qualify as an efficient top-down reasoning approach. However, it became clear that children needed to learn to cope with the stochastic feedback, as their task performance was much lower. Recovery was shown to be dependent on positive feedback, but was not supported by false negative feedback demonstrating a strong interactive aspect of cognition (Averbeck and Duchaine, [@B2]). For children, especially negative feedback seems to be an external force that can impinge on a consolidated cognitive conceptual structure and thwarts performance.

That children started at a significantly lower level in the stochastic compared to deterministic feedback condition occurred independently of their age. This result was in line with previous S--R research using biased and stochastic feedback (Crone and Van der Molen, [@B19]; Eppinger et al., [@B22]; Van den Bos et al., [@B65]) and Piagetian seriation tasks with random feedback (Miller et al., [@B45]). However, children successfully improved accuracy of the four button press sequence in the stochastic condition, even though their performance increased only gradually and did not reach the same level as in the control condition with deterministic feedback.

Furthermore, an age difference was found in children's responses toward positive vs. negative feedback. They learned more from positive than from negative feedback. In fact, children began to learn from negative feedback only from age 9, and this increased thereafter. With regards to the stochastic feedback, children were increasingly capable to understand that they could have been wrong even if the feedback indicated they were right (false positive feedback), but they remained unable to understand that they could have been right when the feedback indicated they were incorrect (false negative feedback). This suggested that self-reflective abilities did develop with age, while cognitive self-assertiveness remained low. These findings of the current study are discussed in the following two sections.

Sequence Learning Under Uncertainty
===================================

The performance reduction effect caused by the uncertainty of feedback had a large effect size that showed that this result was not only statistically reliable, but also powerful and replicable. With on average 48% performance decrement in comparison to the control condition at the beginning and still about 23% in the sixth repetition, the extent of performance reduction in this sequence learning task was much larger than for instance in S--R learning in the Eppinger et al. ([@B22]) study, where stochastic feedback lead to a decrement of about 10% in adults and 15% in children. However, it was comparable to the only other developmental study using a reasoning task (Miller et al., [@B45]).

With informative feedback, some gradual performance improvement can occur in S--R learning (Groen et al., [@B27]). Performance improved also with stochastic feedback, but the performance gap between informative and stochastic feedback stayed about the same in both children and adults (Eppinger et al., [@B22]). This may have occurred because children would improve via some trial-and-error key switches independently of the feedback condition (Groen et al., [@B27]). In the current study, more correct sequencing of the four button presses emerged via practice in the stochastic condition, and the initially larger performance gap to the control condition narrowed. True improvements in feedback processing may have been possible during repetitions because *long-term event memory for correct and false feedback trials* across repeated blocks of a specific sequence set could aid performance. In another study that used stochastic feedback, excellent adult learners were comparably more likely to use their long-term memory to avoid stimuli that had received negative stochastic feedback (Klein et al., [@B33]).

In short, motor sequence learning that requires some deductive reasoning may be both more vulnerable to interference than S--R learning, but also more amenable to improvement than S--R learning. Sequence learning is a higher order cognitive process that is also easily interfered with in adults (Shanks et al., [@B58]). Stochastic feedback may represent a higher cognitive load on a deductive process in comparison to arbitrary S--R associations. The subsequent performance increment would reflect that stochastic feedback represents more of a jeopardy than a hazard, but this was very much dependent on the type of feedback.

Age Differences in Positive and Negative Stochastic Feedback
============================================================

Like in previous research using paired force-choice tasks (Crone and Van der Molen, [@B19]; Van den Bos et al., [@B65]), age differences were found once the effects of positive or negative feedback on the amount of learning were considered.

The current study did not just use negative feedback that indicated that children's responses were at fault, but also unjustified positive and negative feedback. In this way, not just the processing of an error signal was investigated (e.g., Falkenstein et al., [@B23]; Hajcak et al., [@B28]), but processing of a potentially untrustworthy and unreliable error signal. Furthermore, children in the experimental group faced some proportion of unjustified negative feedback during repeated trials where they had to maintain their response; hence, the feedback could not only undermine the learning process, but also achieved results. However, this did not happen, as performance continuously increased. Significant setbacks could be observed neither in boys, nor in girls. However, in the present relatively large sample, boys kept improving their performance throughout the task, while girls did not.

Feedback bias is clearly an important issue for learning research (Dai and Sternberg, [@B20]). Feedback is usually differentiated between social feedback vs. performance feedback (Zimmerman and Schunk, [@B73]). In the current study, the deterministic condition would amount to performance-related feedback, while children may have experienced the dose of false positive and negative feedback like in the stochastic condition in their social context.

However, 8-year-old children appeared to have perceived both types of negative feedback as equally hostile, one vague and probabilistic, and one telling them they were wrong, and both were not supporting, or even prevented learning. This suggested that 8-year-old children did not differentiate between performance-related and social feedback. But 9-year-old children and the older age groups began to consider negative feedback when it was veridical.

In contrast, positive feedback facilitated sequence learning in all age groups. The support of positive feedback increased with age, and this occurred even if it included some stochastic false positive feedback. But the same amount of false negative feedback in the stochastic feedback condition actually prevented learning, and there was no development with age. While straightforward conditioning with punishment helped children to make advantageous choices (Crone et al., [@B16]), stochastic negative feedback remained a challenge for children's deduction of a sequence. Children of all age groups appeared to find it difficult to think that they were right when the feedback signaled that they may have been wrong. To maintain to be right in the face of an opposing false signal is quite different to understanding another person's perspective which develops much earlier (Lange-Küttner, [@B35], [@B37]). That cognitive self-assertiveness remained low, while self-reflective abilities developed with age, is a new finding that revealed that there are two types of cognitive incongruity reduction.

We could find only one single study on false positive feedback given to children as an intervention. Heath and Glen ([@B29]) demonstrated a fascinating paradox: children with average IQ but academic difficulties in subjects such as written language and math overestimated their performance, but when given a standardized false positive feedback, they revised their positive bias and could predict their actual performance precisely. Heath and Glen had a *self-protective bias hypothesis*, where persistent unjustified positive feedback made it unnecessary for the children to deny their difficulties.

Selective sensitivity toward positive feedback when reasoning under uncertainty is seen as adaptive in the developmental literature (Bjorklund and Green, [@B6]; Bjorklund et al., [@B7], pp. 128). A question for future research is whether children's reasoning under uncertainty actually needs a positive feedback loop, either self-induced, or via an experimenter, or via a computer program as in the current study, and whether it actually needs to be true. Thus, a positive feedback bias may yield uninformative feedback as it is unrelated to the actual performance, but it nevertheless seems highly conducive for learning in children.
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Parameter fitting of learning after positive and negative feedback
==================================================================

We fit Bayesian statistical models to the behavior of individual participants. The models allowed us to quantify how much the participants had learned about which sequence or which button was correct in the current block. The Bayesian model allows us to estimate how much positive feedback for a given button press (i.e., a green circle) increased the probability that subjects would press the same button in future trials, as well as how much negative feedback (i.e., a red circle) decreased the probability that subjects would press the same button in future trials. Thus, the model gives us a tool to estimate overall learning rates parametrically, because learning can be equated to the effect of feedback on future button presses. It also gives us the ability to split learning into the effects of positive and negative feedback.

The participants could press either the left or right button at each point in the sequence and therefore they had a binary decision. The model assumed that the participants were trying to optimize the number of times green feedback was received. This can be accomplished by remembering how often green feedback was given for the left (or right) button at each point in the sequence across multiple trials. For example, if green feedback was given more often for the left button for the first movement, then the left button should be pressed. Thus, the model accumulates information about red vs. green feedback given for left and right button presses individually for each of the four button presses in the sequence. The model was based on a binomial likelihood function for each movement of the sequence, given by:
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Where θ*~i~, *j** is the probability that pressing button *i* (*i *∈ {left, right}) on movement *j* (*j* ∈ {1,‥, 4}) would be followed by green feedback. The variable *r~i,j~*, defined below, is the number of times reward (green feedback) was given when button *i* was pressed on movement *j* (or red feedback was given when the other button was pressed), and *N~j~* is the number of trials. The vector *D~T~* represents the data collected up to trial *T* for the current block, which in this case are the values of *r* and *N*. This was the only data relevant to inferring the correct sequence of button presses.

The probability that the left button should be pressed for movement *j* after *T* trials (i.e., that it is more likely to be the correct button) is given by:
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We have written the posterior here (i.e., $p\left( \theta_{\text{right},j} \middle| D_{T} \right)$). Button probabilities were equally likely in the experiment so the prior was flat and the posterior is just the normalized likelihood for this estimate.

In order to better predict participant behavior we added two parameters to the basic model that allowed for differential weighting of positive and negative feedback. The differential weighting was implemented by using the following equation for the feedback:
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The subscripts *positive* and *negative* indicate whether the feedback was positive (green) or negative (red). The total reward (feedback), in Eq. [1](#E1){ref-type="disp-formula"} was then given by:
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The parameter *u*(*t*) takes a value of one if green feedback was given and zero if red feedback was given on trial *t*. Thus, α and β scale the amount that is learned from positive and negative feedback. For an ideal observer both parameters would be 0.5. The parameters, α and β were fit to individual participant decision data by maximizing the likelihood of the participant's sequence of decisions, given the model parameters. Thus, we maximized:
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where *C~t~* is the choice that the participant made for each movement at time *t* (*C~t~* = *1* for left, *C~t~* = *0* for right) and *D*\* indicates the vector of decision data with elements *C~t~*. Here *t* iterates over the data without explicitly showing sequence boundaries, as this is how the data is analyzed. This function was maximized using non-linear function maximization techniques in Matlab. We also utilized multiple starting values for the parameters (−0.1, 0, 0.1) to minimize the effects of local minima.
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